The aim of this study was to determine the effect of different roasting conditions, including temperature, humidity, and roasting air velocity on acrylamide contents in roasted Robusta coffee. In addition, acrylamide concentrations were correlated with the degradation of coffee bean polyphenols and its antioxidant activity. In the process of roasting in a quarter-technological scale apparatus used temperatures ranged from 190 to 216
INTRODUCTION
Coffee brews are consumed from hundreds of years and their moderate consumption is beneficial for human health. [1, 2] Coffee displays an antioxidant activity and its intake reduces the risk of development of some types of cancer, like the cancer of large intestine. [3] It also exhibits anti-inflammatory effects, which prevent chronic disorders, such as cardiovascular, rheumatologic and neurological diseases. [4] Consumption of coffee is also helpful in the fight against obesity and limits the effects of type II diabetes by decreasing glucose absorption. [5] Antioxidant activity of coffee brews determined in model tests was higher than many other foodstuffs. [6, 7] Antioxidant activity of green coffee is assigned to such components as caffeic acid and its esters with quinic acid (chlorogenic acids), and caffeine. Coffee beans are roasted prior to brewing. This process causes a significant degradation of chlorogenic acids with simultaneous formation of new antioxidants like Maillard reaction products. [8] Thus both green and roasted coffees exhibit high antioxidant activity. Antioxidant activity of coffee is additionally affected by many factors like the variety of coffee and conditions of roasting and extraction. [9, 10] Generally, antioxidant activity of Robusta coffee is found to exceed that of Arabica. [11] The research on antinutritive influence of acrylamide on human organism and its occurrence in roasted coffee gave rise to the opinion that heavy coffee drinking is a factor causing relatively high consumption of this hazardous compound among adults. It was found that higher amounts of acrylamide are formed during roasting of Robusta species compared with Arabica, due to higher content of asparagine, which is a main precursor of this compound. [12, 13] The maximum amount of acrylamide is found in beans in the middle phase of roasting, and then its degradation proceeds faster than its formation. [14] Numerous technological studies aimed to reduce the content of this compound in roasted coffee. However in most approaches modified roasting parameters negatively affected sensory properties of coffee brews, or the content of other undesirable contaminants. [15] [16] [17] So far only a few studies of the relationship between antioxidant activity and the content of acrylamide in coffee were performed. They proved that in the second part of the roasting process, both antioxidant activity as well as acrylamide content decrease. [12] So far, however, it was not verified whether roasting conditions, beneficial for the reduction of acrylamide concentration, have a significant impact on the content of polyphenols in roasted beans.
A quarter-technical roasting apparatus was used to examine this issue. The aim of this study was to determine how different roasting conditions, including temperature, air humidity, and velocity affect the content of acrylamide in roasted coffee, and how these different parameters are correlated with the degradation degree of coffee polyphenols and its antioxidant activity.
MATERIALS AND METHODS

Chemicals and Reagents
Acrylamide (>99%) and D 3 -labeled acrylamide (isotopic purity 99%) were purchased from Merck (Darmstadt, Germany) and Cambridge Isotope Laboratories (Andover, MA, USA), respectively. 5-O-caffeoylquinic acid (5-O-CQA), 5-O-feruloylquinic acid (5-O-FQA), benzoic acid (BA), caffeine, 2,2-diphenyl-1-picrylhydrazyl (DPPH · ), formic acid, heptane and 14% methanol solution of boron trifluoride (BF 3 ) were obtained from Sigma Aldrich (St. Louis, MO, USA). HPLC-grade ethyl acetate and methanol were obtained from J.T Baker (NJ, USA) and acetonitrile from Scharlab (Barcelona, Spain). Hexane (99%), bromine (Br) (∼ 99.5%, p.a.), hydrogen bromide (HBr, 48%, p.a.), potassium bromide (NaBr, ∼ 99%), sodium thiosulfate (Na 2 S 2 O 3 , ∼ 99.5%), sodium chloride (NaCl, 99%), bromine water, sodium hydroxide (NaOH), Carrez I and II, and anhydrous sodium sulfate (Na 2 S 2 O 4 , ∼ 99%) were obtained from Chempur (PiekaryŚląskie, Poland). Ultrapure water (resistivity, 18.2 M cm −1 ) was obtained from a Millipore Milli-Q Plus purification system (Bedford, MA, USA). C18-E (55 µm, 70 Å, 6 mL, 500 mg) SPE cartridges were purchased from Shim-Pol (Izabelin, Poland).
Roasting of Coffee Beans
Green Robusta coffee (Caffea canephora) beans, Conilon variety were harvested in Brazil (State of Espírito Santo) in 2009. The climate of the State is classified as humid tropical with dry winter and the soil is predominantly latosol. The shade trees, irrigation, and fertilization were applied during the coffee beans maturing. Raw material was hulled using dry method. The material was purchased from Bero Polska, (Gdynia, Poland). Bean samples of 200 g were subjected to roasting. The process took place in a roasting chamber designed and built by the university staff. Construction of the chamber enables a variable degree of hot air recirculation. Air velocity can be changed within the range of 0.5-4 m s −1 . The temperature of 50-220
• C can be obtained with a 6 kW heater. The air humidity can be increased by supplementing steam from a generator. The applied temperatures were 190, 203, and 216
• C. [18] The temperature of 210
• C was applied as the highest one instead of 216
• C in combination with humid air, because it was not possible to achieve a higher one in humid atmosphere. Used in the experiment air velocity at a level of 1 m s −1 was a maximum enabling proper air humidity regulation. [19] Relative humidity of dry roasting air was not subjected to any regulation and was 0.11% at 190
• C, 0.09% at 203
• C, and 0.07% at 216
• C and for humid air it was raised by steam to 1% for all temperatures and was the maximal that could be achieved in temperatures typical for coffee bean roasting. [20] Roasting time, depending on roasting conditions, ranged from 20 to 35 min (Table 1) . Additionally, partial roasting was performed in order to analyze acrylamide concentration in the middle of the process.
Acrylamide Analysis
Acrylamide was quantified by GC-MS/MS after derivatization according to Alves et al. [21] Ground samples (2 g) were supplemented with 100 µL of standard deuterated acrylamide solution (100 µg mL −1 ). Then 20 mL of Milli-Q Plus water was added. Acrylamide was extracted for 30 min at 60
• C in a shaking water bath (257 rpm). Samples were cooled to room temperature and centrifuged (20 min, 6000 rpm, 4
• C). The precipitate was discarded and the supernatant was defatted nd-not detected; n = 6. Different letters or their lack in a column correspond to significant differences (P < 0.05).
with hexane (20 mL) by shaking for 5 min (257 rpm). Hexane layer was discarded. This operation was repeated twice. Then defatted samples were mixed with 1 mL of Carrez I and II reagents and centrifuged as above. Supernatant was passed through the Strata C18-E solid phase extraction (SPE) cartridge placed on a vacuum manifold. SPE cartridges were first conditioned with 5 mL of methanol followed by 10 mL of Milli-Q Plus water. The extract was allowed to pass through the sorbent material and the cartridge was eluted with 8 mL of Milli-Q Plus water. Water extracts were cooled and derivatized through bromination by using KBr (2.5 g), HBr (0.1 mL, acidification to pH 1-3), and saturated bromine water (2.5 mL). Bromination was carried out for 16 h in the darkness at 0 • C and the excess bromine was decomposed by adding a few drops of Na 2 S 2 O 3 (1 M). Next, the samples were supplemented with 4 g of NaCl and extracted with 2 portions (4 mL) of ethyl acetate (with shaking for 5 min at 257 rpm). Organic phases were pooled, dried over anhydrous Na 2 SO 4 (1 g) and centrifuged as above. An aliquot of organic phase (0.5 mL) was evaporated to dryness at 40
• C under a gentle stream of nitrogen and the solids were dissolved in ethyl acetate to the final volume of 1 mL.
2,3-dibromo-derivative of acrylamide was quantified by gas chromatography GC-MS/MS using Varian 450-GC gas chromatograph equipped with an Ion-Trap MS mass detector (Varian Saturn 220-MS) and a 1079 split/splitless injector (Varian, Inc., Palo Alto, California, USA). The analytical separation was performed on a Varian Factor Four VF-5ms capillary column (30 m × 0.25 mm × 0.25 µm) (Varian, Inc., Palo Alto, California, USA). Injector temperature was 250
• C, and the temperature program used was as follows: isothermal for 1 min at 65
• C, increased to 240
• C at a rate of 15
• C min −1 , and finally isothermal for 5 min. Helium was used as the carrier gas at a flow rate of 1 mL min −1 . 1 µL of the sample was introduced into the GC-MS/MS by splitless injection method. The temperature of transfer line and ion source of the mass spectrometer was set at 250 and 180
• C, respectively. The analysis was performed using electron ionization energy (EI) of 70eV. In the first step, the precursor ions with m/z of 152 and 155 were derived from 2,3-dibromo-acrylamide derivative and 2,3-dibromo-derivative of deuterated acrylamide, respectively. Their collisions gave rise to ions with m/z of 135 (from the ions with m/z of 152) and 137 (from the deuterated ions with m/z of 155). The quantification was performed using the internal standard method. A calibration curve was constructed by plotting the ratio Aaa/Ais against Caa/Cis where Aaa is the area of unlabeled 2,3-dibromo-acrylamide as mass trace m/z 135 and Ais is the area of 2,3-dibromo-D 3 -acrylamide as mass trace m/z 137 (Fig. 1) . Caa/Cis means concentration ratio of 2,3-dibromo-acrylamide and 2,3-dibromo-D 3 -acrylamide. A calibration line was prepared in the range of 2.5-500 µg L −1 . The limit of detection (LOD) and limits of quantification (LOQ) of the method were calculated using the calibration curve parameters. In this case the detection limit was 2.5 µg kg −1 and the limit of quantification was set at 5 µg kg −1 . The recoveries were determined by adding 50 µg L −1 of the acrylamide standard solution to the sample. Average recoveries ranging from 73 to 89% were obtained.
Chlorogenic Acids and Caffeine Analysis
The 2.5 g sample was mixed with 50 µL of internal standard solution (BA, 10 mg L −1 ). The extraction was carried out using the ratio of ground coffee beans to water 2.5:100 (w/v) to obtain brews under the pressure of 15 bar using Syntia coffee machine (Philips-Saeco, Gaggio Montano, Italy). Then the brews were defatted three times with 30 mL of hexane for 5 min with constant shaking and subsequently centrifuged for 10 min at 6000 rpm. The hexane phase was discarded and the residual organic solvent eliminated under a gentle stream of nitrogen. The residual brew was centrifuged as above and the supernatant was filtered through a 0.20 µm nylon syringe filters. Chromatographic analysis UHPLC/DAD was carried out by using a UHPLC + Ultimate 3000 system with an auto sampler and a diode array detector (DAD) from Dionex (CA, USA). The analytical column Accucore TM C18 (100 mm × 3.0 mm × 2.6 µm) from Thermo Scientific (PA, USA) was used. The mobile phase consisted of 1% formic acid (solvent A) and acetonitrile:1% formic acid (80:20, v/v) (solvent B) with flow rate of 0.5 mL min −1 . The elution was performed with a gradient starting at 5% B to reach 35% B at 23 min and becoming isocratic for 5 min. 2 µL injection volume and 25
• C column temperature were used. Detection was performed at two wavelengths, 280 nm for caffeine and 320 nm for hydroxycinnamic acids (Figs. 2 and 3) . Phenolic acids and caffeine were identified according to Budryn et al. (2009) . [8] Chlorogenic acids lactones (CQL)were identified on the basis of the results of Perrone et al. (2008) . [22] The quantification was performed using the internal standard method. Standard calibration curves were constructed in the concentration range from 1 to 10 mg L −1 of 5-O-CQA or caffeine. Identified compounds were quantified using the relevant reference standards. [23] Results obtained for brews were expressed for dry mass of the beans.
Radical Scavenging Activity
DPPH · was used as a standard radical. [24] The test was carried out using brews prepared as above. The brews were diluted and finally four concentrations of 0.313, 0.625, 1.25, and 2.5 g per 100 mL were obtained. 0.1 mL of a brew/dilution was reacted with 3.9 ml of methanolic radical solution (DPPH · :methanol, 5 mg:100 mL). Methanol was used as a blank sample and 0.1 mL of water with 3.9 ml of methanolic DPPH · solution as a control. Based on the measurement of absorbance of the samples after 30 min reaction in the darkness at 517 nm (UV/VIS spectrophotometer U-2800 A, Hitachi, Tokyo, Japan) a calibration curve of concentration of coffee bean versus radical scavenging activity was obtained. Radical scavenging activity % = [(A control -A test )/A control ] · 100%. The concentration of coffee bean at which the concentration of radical form was reduced by 50% (IC 50 ) was calculated .
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Texture Analysis
Texture analysis was conducted with the TA.XTplus texture analyzer, Stable Micro System (Godalming, UK). A needle penetration test using P2/N probe was performed at 120 s under constant 1 kg force, in which a measure of the textural properties is the cavity depth, and greater depth means a more brittle structure.
Color Measurement in the CIE
The analysis was performed using an automatic colorimeter Konica Minolta CR-400 with Spectra Magic NX 1.3 software (Osaka, Japan). Color parameters, i.e., the brightness L * (from 0-black to 100-white), a * (from (-50) -green to 50 -red), b * (from (-50) -blue to 50 -yellow), and dE value, equal to square root of [(dL
, characterizing the total change of color were measured, where dE higher than 3 between samples is a color difference noticeable by the human eye. [25] Statistical Analysis Each batch of coffee beans was roasted in duplicate and then each roasted batch, including duplicates, was analyzed in triplicate. The results were subjected to statistical analysis. It comprised of determination of average values of six measurements and their standard deviation as well as one-way ANOVA (analysis of variation) at the significance level P < 0.05 and the linear Pearson's correlation coefficient.
RESULTS AND DISCUSSION
Effect of Roasting Conditions on the Physical and Sensory Properties of Roasted Coffee
For all the roasting conditions roasting time was adjusted to obtain optimal sensory properties, but the temperature of 190
• C did not allow to obtain high sensory quality beans. [26] At 190 • C roasting was very gentle, and no characteristic cracking in a final product was observed. Beans were rather dried than pyrolyzed. The application of higher temperatures allowed developing a full roasted flavor. Obtained color coordinates, in particular L * , confirm that the samples were properly roasted to a degree between medium to dark ( Table 1) . [27] Taking into account the total color change dE, roasted coffee samples can be divided into two groups. In the first dE was less than 40 and it included samples roasted at 190 and 203
• C in dry air. [28] Other samples showed dE close to 40 and above. Using the same division it can be observed that in the first group the L * coordinate decreased from 74 to a range of 38-42, the a * coordinate increased to about 14, and coordinate b * increased from 16 to a range of 17-21. In the second group the value of L * shaped at the level of 32-37, a * 12-13, and b * -decreased to the range of 9-14. Exceptions were the a * and b * values of the sample roasted at 203
• C at air velocity of 0.5 m s −1 in humid air conditions. The samples from the first group were also characterized by greater hardness, shown in a texture study by the smaller probing depth not exceeding 3.7 mm, where weak pyrolysis and Maillard reactions resulted in lower fragility of beans than in the other group, in which the probing depth exceeded 3.7 mm and even reached 4.2 mm (Table 1) . Green beans showed the probing depth of 4.0 mm, but due to the higher moisture content of the material and the lack of glass transition occurring as a result of roasting, it is difficult to directly compare the hardness of the green and roasted beans samples.
Acrylamide Formation
In the roasted samples acrylamide content ranged from 26 to 133 µg kg −1 At the roasting temperature of 190
• C an obvious influence of both velocity and humidity of roasting air on the concentration of acrylamide in roasted beans was observed, where an increase in both parameters contributed to the increase of acrylamide content (P < 0.05). The content of acrylamide determined in beans in the middle of roasting process confirmed the observations for finely roasted beans while demonstrating that mild roasting temperature in dry air and at a lower air velocity contributes to intensive formation of acrylamide, in contrast to humid air with a higher velocity. Effect of roasting air velocity on acrylamide formation can be explained by more intense energy supply to the interior of the bean and probably a stronger formation of acrylamide in the whole of its cross-section. It was confirmed by the higher dE of samples roasted at the same roasting time and air humidity and the higher one of two applied roasting air velocities. Additionally the higher roasting air humidity probably influenced the increase of bean moisture in deeper layers and was more optimal for the formation of acrylamide. This statement in consistent with previous reports suggesting that the availability of a solvent like water is required for the transport and contact of acrylamide substrates. [29] This observation was no longer valid for higher roasting temperatures. The roasting temperature of 203
• C showed only the effect of roasting air velocity on acrylamide content. A twofold increase of velocity resulted in approximately twofold increase of acrylamide content, while the humidity did not affect the levels of acrylamide in roasted beans (P > 0.05). However, in the middle of the roasting process the air humidity influence was significant (P < 0.05), which proved the advantage of usage of dry air, especially when using the air velocity of 1 m s −1 . For dry air a higher content of acrylamide was obtained in 203
• C, then at 190 • C. It does not confirm the earlier studies, which reported that a higher roasting temperature allows greater degradation of acrylamide in the final stage of the process and lowers its concentration in the final product. [30] Our results also do not confirm the observations of Theurillat et al. [20] In his model studies a reduction of acrylamide formation in the coffee beans through the use of steam roasting was noticed. However, in the present studies, raising the temperature of roasting to 210
• C in humid air allowed a significant lowering of acrylamide content (P < 0.05). Probably at this temperature, due to the intense evaporation of the gases from the bean, the moisture was not forced into its interior and mostly accumulated on the surface of the beans. Therefore, humidity should be considered as one of the factors, in addition to temperature and air velocity, which has an impact on the content of acrylamide in roasted beans, negative at relatively low temperatures, with no effect at average temperatures and positive at high temperatures at a low roasting air velocity. The samples with the lowest acrylamide content, roasted at 203 or 210
• C in humid air with a flow rate of 0.5 m s −1 , were characterized by lower aroma quality (P < 0.05), [26] which suggests that the kinetics of formation and degradation of acrylamide may be closely correlated with similar kinetics for the key aroma compounds from the group of pyrazines, quaiacol (from degraded FQAs, Table 2 ), or sulfides. The high correlation between the color of coffee beans, particularly coordinate a * , and the content of acrylamide in the process of roasting at different temperatures was found by Gökmen andŞenyuva (2006) . [30] In these experiments, where only the properties of finally roasted beans were considered the correlation for acrylamide concentration and coordinate a * amounted r = 0.44 (Table 3) . Comparing the two studies it could be concluded that the formation of acrylamide during roasting takes place along with the red pigments formation, and then acrylamide (but not the red pigments) is partially degraded at the end of the roasting process. Acrylamide itself is a colorless substance prone to decomposition at high temperatures. Therefore non-enzymatic browning products are not an appropriate indicator of acrylamide concentration in coffee beans, although in other food products subjected to heat-treatment such correlations were observed. [30] 
3-O-CQA
5-O-CQA 4-O-CQA
Total CQA Chlorogenic Acids, Lactones, and Caffeine Contents Degradation of polyphenols during coffee roasting at different conditions ranged from 11 to 45% (Table 2) . CQAs were the most abundant group, forming about 91% of polyphenols in green and 73-85% in the roasted samples. In green coffee 5-O-CQA and further 4-O-CQA were found in the largest amounts. Within CQA isomers degradation ranged from 20 to 54%. At a temperature of 190
• C CQAs losses were not higher than 24%. In this case an adverse effect of higher roasting air humidity was observed. Elevation of the roasting temperature above 203
• C resulted in greater CQAs degradation (37-54%) even when shorter roasting time was used. It may suggest that some of CQA isomers transformed into the corresponding lactones, hence the decrease in total polyphenols content was lower than CQAs only. 5-O-CQA is known to partially transacylate during coffee beans processing at high temperatures. [28, 31, 32] Hence the content of the 3-and 4-O-CQA isomers increased as a result of roasting. Content of 5-O-CQA decreased under different roasting conditions by 47-72%, and the losses were the greater the higher roasting air temperature and humidity were used. An interesting observation was a very high correlation between the degradation of 5-O-CQA, and the decrease of L * color coordinate, which amounted to r = 0.96 (Table 3 ), suggesting that degradation products of this compound are strongly involved in the formation of black pigments ( Table 3) .
The second class of chlorogenic acids were FQAs, amounting to approximately 5% of polyphenols in the green coffee and 7-12% in roasted coffee. The increase in FQAs is probably due to the advanced degradation of other classes of polyphenols and high oxidative stability of ferulic acid, which is a monohydroxyphenol with an acylated second hydroxyl group. Its oxidation takes place under the influence of respective enzymes, however, it is limited in non-enzymatic browning reactions. [33] The third group were dicaffeoylquinic acids (diCQAs) representing 3% of polyphenols of the green bean and 2-4% of the roasted samples. Surprising was the similar decrease (17-53%) of diCQAs to that of monoesters, even though it is known that diesters undergo significant deacylation with the formation of corresponding monoesters or even are completely decomposed. [28] The increase of content of 4,5-and simultaneous decrease of 3,5-isomer content in roasted samples indicates that the caffeic acid moiety in diCQA at position 3 is unstable and is transformed into its 4,5-isomer. [28] CQL are formed by loss of a water molecule and the formation of intramolecular bond during roasting. [28] In the roasted samples their content was 1-3% of polyphenols. Among the lactones the relatively high contents of 3-and 4-O-CQL were found. This confirms the hypothesis of higher importance of isomerization during roasting than the initial concentration of direct precursors for the formation of individual lactones. [28] The total content of chlorogenic acids was weakly inversely correlated with the concentration of acrylamide (r = -0.20) (Table 3) , which suggests that the conditions under which there is a greater degradation of polyphenols are conductive to some extent to the formation of acrylamide. It is also possible that a decrease of concentration of chlorogenic acids caused by roasting affects an increase of acrylamide formation, because polyphenols can restrict the formation of acrylamide by scavenging carbohydrate radicals formed in the Maillard reaction, which are direct precursors of acrylamide. [34] Observed correlation was rather low probably due to the same level of polyphenols in the starting material, and therefore their concentrations being similar in the first stage of roasting, which is critical for acrylamide formation. [30] This hypothesis requires further confirmation in model research.
The caffeine content in most samples increased when compared to green beans ( Table 2 ). This increase is probably caused by the release of this compound from the cell wall matrix of roasted material. [35] A several percent increase is also due to the beans weight loss coming from degradation of the rest of organic substances. For all three considered temperatures lower concentrations of caffeine were observed when higher air velocity and humidity were used.
Antioxidant Activity
With an approximately 45% decrease of total polyphenol content a decrease in radical scavenging ability was up to 60%. Despite numerous reports concerning a significant effect of the Maillard reaction products on antioxidant activity of coffee [18] it was shown that the content of polyphenols has a definite effect on the ability to scavenge radicals, and the roasting process deteriorates these properties. Obtained correlation between the IC 50 and total polyphenol content was r = -0.89 (low IC 50 means high antioxidant properties) ( Table 3) .
CONCLUSIONS
Studies have shown that such parameters of coffee beans roasting process as roasting air velocity and humidity, next to temperature and time have a significant effect on the concentration of acrylamide in roasted beans. Increasing the air velocity regardless of the temperature resulted in the intensification of acrylamide formation. Furthermore increasing the roasting air humidity caused a lowering of acrylamide formation, but only at high roasting temperature. Modification of roasting conditions to reduce the concentration of acrylamide in coffee beans resulted in an increased degradation of polyphenols and/or deterioration of the sensory characteristics and antioxidant activity. The optimal roasting temperature was 203
• C, provided that low velocity and humidity of roasting air were used. Under these conditions, roasted beans were characterized by relatively low levels of acrylamide with moderate degradation of polyphenols and antioxidant properties deterioration, while showing a pleasant, full flavor. It is the first case where information about acrylamide formation and polyphenols stability in coffee beans roasted under various conditions was obtained.
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